. 2006. Agronomic benefits of alfalfa mulch applied to organically managed spring wheat. Can. J. Plant Sci. 86: 121-131. Field experiments were established at two locations in Manitoba in 2002 and 2003 to determine N contribution, moisture conservation, and weed suppression by alfalfa mulch applied to spring wheat (Triticum aestivum L). Mulch treatments included mulch rate (amount harvested from an area 0.5×, 1× and 2× the wheat plot area), and mulch application timing (at wheat emergence or at three-leaf stage). Positive relationships were observed between mulch rate and wheat N uptake, grain yield, and grain protein concentration. At Winnipeg, the 2× mulch rates (3.9 to 5.2 t ha -1 ) produced grain yields equivalent to where 20 and 60 kg ha -1 of ammonium nitrate-N was applied in 2002 and 2003, respectively. Where mulch and ammonium nitrate produced equivalent grain yield, grain protein in mulch treatments was often higher than where chemical fertilizer was used. N uptake was also observed in the following oat (Avena sativa L.) crop. The highest mulch rate (2×) produced higher N uptake and grain yield of second-year oat compared with ammonium nitrate treatments. N use efficiency of mulch-supplied N by two crops over 2 yr [calculated as (treatment N uptake -control N uptake)/total N added] was between 11 and 68%. Mulch usually suppressed annual weeds, with greater suppression with late-than early-applied mulch. Increased soil moisture conservation was observed with high mulch rates (≥ 4.3 t ha -1 ) at three sites. Alfalfa mulch holds promise for low-input cropping systems when used on wheat at the 2× rates. Quand le paillage et l'application de nitrate d'ammonium donnent un rendement grainier équivalent, le grain du blé paillé est souvent plus riche en protéines que celui du blé fertilisé avec des engrais chimiques. On remarque aussi l'absorption de N par la culture subséquente dans l'assolement (Avena sativa L.). Le taux de paillage le plus élevé (2×) entraîne une plus forte absorption de N et un meilleur rendement grainier de l'avoine cultivée la deuxième année que l'application de nitrate d'ammonium. L'efficacité de l'assimilation du N venant du paillis par les deux cultures au bout des deux années (calculée comme suit : N absorbé du paillis -N absorbé par les témoins)/N total ajouté) se situe entre 11 et 68 %. En général, le paillis étouffe les mauvaises herbes, mais le fait davantage quand il est appliqué plus tard. Le taux de paillage élevé (≥ 4,3 t par hectare) a accru la conservation de l'eau à trois sites. Le paillis de luzerne s'avère prometteur pour les systèmes de culture à faible apport d'intrants quand on s'en sert au taux 2× avec le blé.
Increasing alfalfa (Medicago sativa L.) hectares has been proposed as a strategy to increase the sustainability of agriculture in the northern Great Plains (Entz et al. 2002) . Especially important to organic farming systems are N fixation [up to 466 kg N ha -1 per year (Kelner et al. 1997) ] and weed suppression (Ominski et al. 1999) provided by perennially grown alfalfa. Recent work in Europe focused on strip farming systems to allow greater inclusion of perennial forages on organic grain farms (Köpke 1998; Schäfer et al. 2002) . Schäfer et al. (2002) investigated a system where strips of perennial forage crops were grown between strips of annual crops, and a modified forage harvester was used to apply the forage mulch to bare soil, or on top of growing crops. With such a system, the mulch provides nutrients to a crop as it decomposes (Fribourg and Bartholomew 1956) , while potentially suppressing weeds (Teasdale et al. 1991) and conserving soil moisture (Yunusa et al. 1994) .
Alfalfa mulch contains large amounts of nutrients. An average Manitoba alfalfa hay crop (9.0 t ha -1 , Manitoba Agriculture and Food 2001) contains approximately 278 kg N ha -1 . In addition, this average alfalfa crop will contain 27 kg phosphorus, and 223 kg potassium, per hectare per year, as well as significant amounts of sulfur, calcium, magnesium, iron and other micronutrients (Manitoba Agriculture and Food 2001) . Replacing the extracted nutrients is a challenge for organic farmers, especially in grain only systems where animal manure availability is limited.
Strips of perennial alfalfa, if grown for use as mulch on adjacent annual crops, would provide farmers with: (1) a new opportunity to extract value from alfalfa top-growth without needing cattle; and (2) a way to grow alfalfa and retain the nutrients on the field that would otherwise be exported if alfalfa hay was sold off the farm. Alfalfa strips could be rotated with annual crops to spread the benefits of this system across an entire field.
Few studies have measured the effects of alfalfa mulch in wheat production; however, several studies suggest that the practice holds promise. Mahler and Hemamda (1993) determined that a fall application of 3 t ha -1 of baled second-cut alfalfa provided 24 kg N ha -1 (26% of applied N) to the following spring wheat crop. Fribourg and Bartholomew (1956) showed that 3.5 t ha -1 of spring-incorporated alfalfa tops provided 44 kg N ha -1 (34% of applied N) to corn, and increased grain yield by 2.09 t ha -1 , compared to where no alfalfa was added.
Benefits of alfalfa mulch application will likely persist for more than 1 yr. Uptake of legume-derived N by crops planted in the second season, or later, after residue application is documented in numerous reports. An Austrian winter pea green manure crop incorporated in early summer provided yield benefits to the following winter wheat crop and to the subsequent barley crop planted 22 mo after the green manure was incorporated . Fribourg and Bartholomew (1950) estimated that oats grown in the second season after application recovered 7.5% of the total N applied in alfalfa tops. In South Australia, Ladd et al. (1985) found that 8 yr after incorporating labeled legume residue 31-38% of the initial legume N was still present in organic residues in the soil.
If alfalfa mulch is to be considered an effective N source for wheat it must provide sufficient amounts of N at critical times during crop development (Sander et al. 1987) . Groffman et al. (1987) showed that ammonium nitrate produced a large, short-lived N pulse, while N release from legume residue was slower. N fertilization timing trials in Saskatchewan showed higher wheat yields and lower grain protein concentration with early spring N application than with late spring N application (Fowler et al. 1990) . Therefore, the benefits of alfalfa mulch-supplied N may include a long period of N release resulting in increased wheat grain protein concentration.
Weed suppression with mulch has been reported in a number of previous studies. Teasdale and Mohler (2000) found that mulch applied just before crop emergence suppressed small-seeded weed species; however, larger-seeded species were able to push through the mulch layer. In addition to such physical smothering, mulch can suppress weeds through light interception and modification of soil moisture, temperature and nutrient supply. Teasdale (1993) found light interception to be more important for weed suppression by legume residue than physical impedance. In contrast, increased soil moisture under crop residues has been shown to increase weed emergence (Teasdale and Mohler 1993) .
It has long been known that surface soil residues conserve soil moisture (Duley and Russel 1939) . This has important implications for regions such as the Canadian prairies where soil moisture is often a limiting factor for crop production (Lafond et al. 1996) . Conservation of soil moisture by mulch may reduce yield losses due to inadequate rainfall.
The objective of this project was to investigate the effects of alfalfa mulch applied to wheat (Triticum aestivum L.) by measuring: (1) mulch N contribution to wheat, in terms of total N uptake, grain yield, and grain protein concentration; (2) the impact of alfalfa mulch on weed populations; and (3) the effect of alfalfa mulch on soil moisture content.
MATERIALS AND METHODS
Field studies of mulching effects on a wheat crop were replicated in 2002 and 2003 at both Winnipeg and Carman, MB. The effect of mulch on a second crop of oat that followed wheat was studied only at Winnipeg. Information on soil type and soil nutrient status is summarized in Table 1 . Environmental conditions are given in Table 2 .
The experimental design was a randomized complete block with four replicates. Canada Western Red spring wheat (cv. AC Barrie) was seeded using a disc drill set at 15-cm row spacing. Plot size was 2 × 6 m at Winnipeg, and 2 × 8 m at Carman. In year 2, oat (cv. AC Assiniboia) was seeded on all plots at Winnipeg using the same drill.
Sites were tilled prior to seeding. Following wheat harvest at Winnipeg, straw was removed from plots and plots were tilled using a spring shank cultivator with 20-cm-wide sweeps and mulching harrows. Plots were cultivated lengthwise to minimize movement of soil between plots. Plots were tilled again the following spring and an oat crop was seeded at a rate of 119 kg ha -1 . In 2003, oat was seeded on May 06 and harvested on Aug. 13. In 2004, oat was seeded on Jun. 10 and harvested on Sep. 24 and 27.
Alfalfa mulch was applied at different rates and at two different wheat development stages: before emergence (Early) and at the three-leaf stage (Late). The base rate of alfalfa mulch used for these experiments was the "natural rate" (Teasdale and Mohler 1993) , i.e., the yield (kg ha -1 ) of alfalfa biomass growing at a location at the time of mulch application. The base rate across site-years ranged from 1.5 t ha -1 to 3.3 t ha -1 dry weight. The natural rate of mulch was chosen over the fixed rate (i.e., constant amount at all locations and application timings) in order to mimic what may occur in a strip farming system where strips of perennial forages are grown between strips of annual crops. In such a system the amount of mulch available for application on the annual crops is limited to the amount of forage biomass that can be harvested from a field at the time of application. Therefore, the rates of alfalfa mulch applied to wheat were always the amount of alfalfa harvested from an area 0.5×, 1× and 2× the wheat plot area. Alfalfa dry matter amounts and the application dates are summarized in Table 3 .
In addition to mulch treatments, three rates of ammonium nitrate (20, 40, and 60 kg N ha -1 ) and a control (no mulch, no ammonium nitrate) were included. Ammonium nitrate was broadcast-applied on the same date as the early mulch treatment. Alfalfa was harvested from nearby stands with a walk-behind flail mower cutting at approximately 6 cm above the soil surface. The alfalfa stands ranged between the 2 nd and 5 th year of production, and were conventionally managed. The mulch was placed into large plastic bags and weighed using a portable beam scale. Mulch application to wheat plots occurred within several hours of mulch harvest. Mulch was applied to the wheat plots by hand with care taken to ensure uniform distribution of mulch across the plot area. At the time of each mulch application, a 1-kg alfalfa mulch sub-sample was weighed, and then dried at 70°C to a constant weight to determine the amount of dry matter applied with each treatment. Random sub-samples were also air-dried and analyzed for protein (protein content was divided by 6.25 to determine % N) and acid detergent fiber content using near-infrared analysis with the Versatile Agri Analyzer Model 5000 (FOSS, Denmark). The carbon to nitrogen ratio was determined by dry combustion with a Leco CNS 2000 (Leco Corp., St. Joseph, MI). Nutrient composition of the mulch is summarized in Table 3 .
Measurements
Weed population density was determined in early July by counting weeds in two, 0.25 m 2 quadrats in each plot. Soil moisture content was determined for the 0-to 10-cm soil depth every 10 d, beginning after the late mulch application. Samples were taken using a 5-cm-diameter hand auger from between rows at one location per plot. Soil moisture content was determined gravimetrically.
Biomass accumulation in the wheat was determined at anthesis and at the soft dough stage. Above-ground wheat growth was harvested from 0.25 m 2 in each plot, dried at 70°C for a minimum of 48 h and then weighed. Biomass samples were ground to pass through a 2-mm screen using a Wiley Mill then sub-sampled for analysis of N concentration using a dry combustion method with a Leco N Analyzer . Total N uptake was calculated by multiplying crop biomass (kg ha -1 ) by N concentration. N use efficiency (NUE) was calculated as:
Grain yield for each treatment was determined by harvesting a pre-determined area from each plot (Table 3) with a small plot combine and weighing the wheat after it had been cleaned. Random sub-samples of grain were ground using a Cyclone Sample Mill; N concentration was determined using the Leco N Analyzer. Wheat protein concentration was calculated by multiplying N concentration by 5.7 (Fowler et al. 1990) . Oat grain, with hulls still present, was treatment N uptake control N uptake total N applied
ground to pass through a 2-mm screen using a Wiley Mill before N determination using the Leco N Analyzer. A factor of 6.25 was used to convert oat N concentration to protein (Biston and Clamot 1982) . Grain N yield was calculated by multiplying grain yield (kg ha -1 ) by N concentration in the grain. Second-year oat crop biomass was determined from plant samples taken at the soft-dough stage. Fowler et al. (1990) suggested the soft-dough stage to be the point of maximum N accumulation in wheat. Biomass samples were ground, sub-sampled and analyzed for N content as described for the wheat biomass samples, and total N uptake was calculated by multiplying biomass yield by N concentration. Oat grain yield was determined using the same methods as for wheat.
Statistical Analysis
The Proc GLM procedure (SAS Institute, Cary, NC) was used to analyze variance on all parameters. Effects were considered significant at a P value of <0.05 unless otherwise indicated. Where significant treatment effects were detected, treatment means were compared using Fisher's protected Least Significant Difference (LSD). Bartlett's test for homogeneity of variance was used on weed numbers data to assure uniformity of variance between treatments.
The nature of the response (linear, quadratic) to the quantitative levels of a factor (mulch rate, ammonium nitrate rate) were evaluated using sets of orthogonal polynomial contrasts (Gill 1978) . Other contrasts representing questions of interest were also included, for example, early treatments versus late treatments.
RESULTS AND DISCUSSION
In general, alfalfa mulch had positive effects on wheat crop performance and mulch benefits increased with mulch rate. In several instances differences were detected between early and late mulch applications; however, mulch application rate was a more important factor than mulch application timing.
Stand Establishment and Surface Soil Water Content
Carman in 2003 was the only site-year where mulch application reduced wheat plant stand compared to the control (297 plants m -2 in the control vs. 213 plants m -2 for the late 2× application). This late application of the 2× rate was the highest rate [6.6 t ha -1 (dry basis)] of mulch used in this study. Plant stand reduction was most likely caused by physical smothering. Yunusa et al. (1994) found no difference in the plant population density between control plots and wheat plots mulched with wheat straw at a rate of 8 t ha -1 when mulch was applied 36 d after seeding (at floral initiation). Nevertheless, the loss of plants at Carman 2003 suggests that a rate of 6.6 t ha -1 of alfalfa mulch applied at the three-leaf stage may be excessive for optimum wheat plant establishment.
Soil water content results indicated that the 2×Late mulch rates (4.3 to 6.6 t ha -1 ) conserved moisture (between 2.2 and 3.8% higher than the control) at three of the four site-years (data not shown). Moisture conservation benefits of mulch were restricted to the period prior to wheat canopy closure. However, average to above average precipitation in both years caused frequent wet conditions that reduced moisture differences between treatments.
Weeds
In 2002, fewer weeds were observed in the 2×Late mulch treatment than in the control at both locations (Table 4) . Teasdale et al. (1991) and Teasdale and Mohler (2000) observed that rye (Secale cereale L.) and hairy vetch (Vicia villosa Roth) mulches at rates greater than 3 t ha -1 reduced weed density. Reductions in weeds with a 3 t ha -1 mulch application (see Table 3 ) were not consistently observed (Table 4 ). This was in part due to low weed densities in the control treatments. Despite weed suppression with the 2×Late treatment at Carman in 2002, weeds were still numerous and of agronomic importance.
For Late treatments in 2002, and the Early treatment at Winnipeg in 2003 there was a decrease (P = 0.1) in weed density as mulch rate increased (see contrasts in Table 4 ). Better weed suppression with high mulch rates than low mulch rates may have been due to a number of factors including greater effects on light interception, physical impedance, and alterations to the microclimate as mulch rate increased. However, there may also have been some stimulation of weed germination at low mulch rates that contributed to the differences in weed population density between mulch treatments. Low mulch rates may stimulate weed seedling recruitment. At Winnipeg in 2003, for example, weed density in the 0.5×Early treatment was higher than in the control (P = 0.1, Table 4 ). This may be a result of increased soil moisture levels due to mulch application, and resulting stimulation of germination (Teasdale and Mohler 1993) . Weed suppression at higher mulch rates may have countered the benefits of improved soil moisture for weed germination.
Purslane (Portulaca oleracea L.) and foxtail spp. [Setaria viridis (L.) Beauv. and Setaria glauca (L.) Beauv.] contributed most to the higher weed density in the 0.5×Early treatment than in the 60 kg N treatment at Winnipeg 2003. Work by Boyd and Van Acker (2003) showed greater green foxtail [Setaria viridis (L.) Beauv.] emergence when seeds were slightly buried in the soil than when placed on the soil surface. Mulch application may have provided similar conditions for foxtail seeds on the soil surface as would exist for slightly buried seeds, and thus contributed to the higher density in the early 0.5×plots.
At Winnipeg in both 2002 and 2003, weed density was higher in the Early mulch treatments than the Late mulch treatments (see contrasts in Table 4 ). More mulch was applied with the Late treatments than the Early treatments and the greater smothering effect of higher mulch amounts may account for the lower weed density in these treatments. In addition to the difference in mulch amount, application timing may have played a role. Early mulch application allowed for earlier mulch degradation and may have allowed greater weed growth through mulch than Late mulch treatments. Early mulch application may also have allowed timely N availability to germinating weeds (Blum et al. 1997 ). Teasdale and Mohler (2000) found that more rapid mulch degradation may have accounted for higher redroot pigweed (Amaranthus retroflexus L.) numbers in one year compared with another.
At Carman in 2002 there was no difference in total weed numbers between the early and late mulch applications. However, when separated by species, dandelion (Taraxacum officinale Weber in Wiggers) was more prevalent with the Early treatments than the Late treatment; possibly indicating that seeds were added to the plots with the Early mulch application.
Weed population density results at Carman in 2003 were dramatically different from all other site-years. Here Early mulch application caused a dramatic increase in weed populations compared with all other treatments ( Table 4 ). The extra weeds emerging in these treatments were almost exclusively dandelion. Increased dandelion emergence in the Early mulch treatments occurred because high numbers of dandelion seeds were harvested with the alfalfa and applied to the wheat plots at that time. The mulch harvested 2 wk later for the Late treatment contained almost no dandelion seeds. Average dandelion population density in the 2×Early treatment was 428 plants m -2 compared with 1 plant m -2 in the 2×Late treatment (data not shown).
In a study of weed seed germination, Chepil (1946) observed that dandelion seed had a maximum dormancy of 4 yr and had no marked periodicity of germination throughout the growing season. These germination characteristics of dandelion indicate that, if present in the mulch, germination may occur regardless of when application occurs and may continue to occur throughout the growing season and for several years thereafter. 0.5×, 1× and 2× refer to the amount of alfalfa harvested from an area 0.5, 1 and 2 times the wheat plot area. Refer to Table 3 for amounts of alfalfa mulch applied. The 20, 40, 60 kg N treatments consisted of 20, 40 and 60 kg N ha -1 applied as ammonium nitrate. Early application timing was before wheat emergence. Late application timing was at the three-leaf stage. y NS, non-significant. a-e Means followed by the same letter within a column are not significantly different (P > 0.05) according to Fisher's protected LSD. 0.5×, 1× and 2× refer to the amount of alfalfa harvested from an area 0.5, 1 and 2 times the wheat plot area. Refer to Table 3 for amounts of alfalfa mulch applied. The 20, 40, 60 kg N treatments consisted of 20, 40 and 60 kg N ha -1 applied as ammonium nitrate. Early application timing was before wheat emergence. Late application timing was at the three-leaf stage. y NS, non-significant. a-d Means followed by the same letter within a column are not significantly different (P > 0.05) according to Fisher's protected LSD.
Wheat N uptake
Alfalfa mulch application at the 2× rates increased N uptake compared with control plots in 3 out of 4 site years, regardless of application timing (Tables 5 and 6 ). Increased plant N uptake with mulch treatments was detected at the anthesis sampling (data not shown), but was more pronounced at the soft-dough stage. Carman in 2003 was the only site where no significant mulch or ammonium nitrate effect on N uptake was observed (Table 6 ). This lack of response was probably due to a high residual soil N level at the beginning of the growing season (Table 1) .
At Winnipeg in 2002 and 2003 , both timings of the 2× mulch treatments increased total N uptake over the control (Tables 5 and 6 ). These treatments had N uptake comparable with the 40 kg N ha -1 ammonium nitrate treatment (Tables 5 and 6 Table 5 and 6). At Carman in 2002, all mulch treatments with the exception of the 0.5×Early treatment had significantly higher N uptake than the control (Table 5) . N uptake for most treatments was equivalent to the 60 kg N ha -1 ammonium nitrate treatment, demonstrating a very positive mulch effect at this site. Increasing alfalfa mulch rate from 0.5× to 2× did not increase wheat N uptake at this site (Table 5 ). In 2002, the higher total N uptake at Carman (avg. = 69.8 kg ha -1 ) than Winnipeg (avg. = 52.1 kg ha -1 ) was likely a response to higher initial soil nitrate-N levels at Carman (Table 1) , and the effect of historic alfalfa cropping on this field.
Timing of mulch application had no effect on N uptake (contrasts in Tables 5 and 6 ). The positive wheat response to both timings of mulch application indicates that N release from the Late-applied alfalfa was relatively quick. Alternatively, the higher application rates of mulch at the Late timing compensated for the delayed N release. Rapid N availability from legume residues was observed by Cueto Wong et al. (2001) ; the highest inorganic soil N levels were measured 14 d after spring incorporation of alfalfa or hairy vetch. However, in the present study, higher N uptake in mulch plots than in the control, did not always correspond with increases in yield, as is discussed below.
Wheat Grain Yield
Grain yields in the present study (Tables 5 and 6 ) were within the range (672-2690 kg ha -1 ) of wheat yields on 14 organic farms surveyed in Manitoba, Saskatchewan, and North Dakota . Grain yield response to mulch application at both locations was higher in 2003 than in 2002. High levels of precipitation in 2002 (~370 mm from May 01 to Aug. 30) stressed wheat plants and provided ideal conditions for leaf disease development.
Wheat grain yield followed patterns similar to plant N uptake. At Winnipeg, yield increased with mulch rate, regardless of application timing or year (contrasts in Tables  5 and 6 ). At Winnipeg, wheat yield of the 2×Early and 2×Late treatments was the same as for the 20 kg N ha -1 ammonium nitrate treatment in 2002, and the 40 and 60 kg ha -1 ammonium nitrate-N treatments in 2003; there were no differences among these treatments (Table 6 ). The 1× treatments at Winnipeg resulted in higher grain yield than the control only in 2003; other 0.5× and 1× treatments were equivalent to the control (Tables 5 and 6.) These yield results agree with the findings of Mahler and Hemamda (1993) who showed that 2 and 3 t ha -1 of fallapplied alfalfa hay, containing 62 and 93 kg N ha -1 , respectively, increased wheat yields compared with the control. In contrast, Schäfer et al. (2002) found that spring wheat yields were depressed by 2.3 t ha -1 of red clover (Trifolium pretense)/timothy (Phleum pretense)/meadow fescue (Festuca pratensis) mulch. They attributed the yield depression to low amounts of N added with the mulch (45 kg N ha -1 ) and low N mineralization due to cold, dry weather. Higher amounts of N were added with mulch in the present study (up to 209 kg N ha -1 ) ( Table 3) .
Grain yield at Carman in 2002 was very low as a result of excessive moisture in June and the high weed competition. However, yield was higher in all mulch treatments than in the control (Table 5 ); no application timing or rate effect was measured. In 2003, no treatment effect was measured despite high yields (Table 6 ). The lack of a yield response was probably due to high indigenous soil N (Table 1) and also reduced wheat plant density in the 2×Late treatment (as described above). The low crop density explains the negative rate effect of the mulch application in 2003 (see the Late linear contrast in Table 6 ).
Wheat Grain Protein Concentration
Achieving high grain protein concentration is a challenge in organic farming systems, which are sometimes N-limited . While protein levels in the range of 13.0 to 13.5 g kg -1 are typically desired, the Canadian Wheat Board will pay premiums for high protein contents up to 15 g kg -1 . Exceptionally high protein content (>15 g kg -1 ) is less desirable due to practical storage and blending constraints. Protein content in this study ranged from 13.6 to 18.0 g kg -1 . Treatment effects on grain protein were observed in all site years except Carman in 2002. An increase in grain protein concentration with mulch application rate was observed with the Late mulch treatments at Carman 2002, and with both timings in 2003; no such effect was observed at Winnipeg (see contrasts in Tables  5 and 6 ). Grain protein was higher than the control in all treatments at Carman in 2003. In this site year, the 2× rates of mulch and 60 kg N ha -1 rate of ammonium nitrate resulted in higher protein than all of the low and medium rate treatments, among which there were no differences. In addition to higher available N from the mulch, lower crop density (described above) may have contributed to the high protein content in the 2 × Late treatment and the observed rate effect in the Late contrast (Table 6 ). Considering there was no treatment effect on grain yield or N uptake at Carman in 2003, but there was a positive rate effect on grain protein, N supplied by the mulch was primarily used to increase grain protein concentration. The benefit of delayed mineralization of N in the mulch was not observed, as the ammonium nitrate treatments provided the same trends. For other site years, clear timing and rate effects of mulch application were not observed.
Despite generally lower N uptake in mulch plots at Winnipeg in 2002, grain protein concentration of mulch plots was generally higher than in the ammonium nitrate treatments (Table 5) . When comparing the mulch treatments (except 0.5×Late) to the 20 kg ha -1 ammonium nitrate treatment in Winnipeg in 2002, the N uptake and yield are not different. The grain protein concentration, however, is higher in all mulch treatments. This supports the assertion that the slower release of N from the mulch is more likely to con- and 2× refer to the amount of alfalfa harvested from an area 0.5, 1 and 2 times the wheat plot area. Refer to Table 3 for amounts of alfalfa mulch applied. The 20, 40, 60 kg N treatments consisted of 20, 40 and 60 kg N ha -1 applied as ammonium nitrate. Early application timing was before wheat emergence. Late application timing was at the three-leaf stage. y NS, non-significant. a-d Means followed by the same letter within a column are not significantly different (P > 0.05) according to Fisher's protected LSD. 0.5×, 1× and 2× refer to the amount of alfalfa harvested from an area 0.5, 1 and 2 times the wheat plot area. The 20, 40, 60 kg N treatments consisted of 20, 40 and 60 kg N ha -1 applied as ammonium nitrate. Early application timing was before wheat emergence. Late application timing was at the three-leaf stage. y Nitrogen use efficiency (NUE) = ((treatment N uptake -control N uptake)/N applied) × 100. x NS, non-significant. a-d Means followed by the same letter within a column are not significantly different (P > 0.05) according to Fisher's protected LSD. tribute to grain protein rather than other yield components (Sander et al. 1987) . With high initial N availability, a higher yield potential would be set in the ammonium nitrate treatments, as is reflected by the lower crop yields in the mulch treatments. With higher yield, a dilution of nitrogen occurs among yield components and grain protein is lowered (Fowler et al. 1990) .
A similar comparison was found between the 2×Early treatment and the 40 kg N treatment at Winnipeg 2003, where yield and N uptake were equivalent for the two treatments, and yet the mulch treatment resulted in higher protein concentration (Table 6) .
Second-year N Uptake and Yield of Oat
Mulch-treated plots at Winnipeg were evaluated in the year after mulch application to quantify the amount of mulchsupplied N available to a second crop (oat). Oat grain yield and grain N yield was higher in the 2× mulch rates compared with the control and ammonium nitrate treatments (Table 7) . This indicates that mulch-supplied N was the source of increased second-year oat yields in the mulched plots. Other workers have also found positive N uptake benefits for multiple years in crops grown after incorporation of alfalfa residues (Bullied et al. 2002) .
Cumulative N uptake
Total N uptake over 2 yr was determined for both the Winnipeg 2002 and Winnipeg 2003 site years by adding biomass N uptake for the wheat and oat crops (Tables 8 and 9 ). The 2× mulch rates increased 2-yr N uptake compared with the control, at both site years (Tables 8 and 9 ). The 1× mulch rate had a 2-yr effect on N uptake only in the Winnipeg 2003 site, and the 0.5× mulch rates had no 2-yr effect. Mulch application timing had no effect on 2-yr N uptake.
At the Winnipeg 2002 site, crops grown with the 2×Early and 2×Late treatments took up an additional 31 and 35 kg N ha -1 , respectively, compared with the control (Table 8) , and equivalent to the 40 kg N treatment. Higher N uptake occurred at the Winnipeg 2003 site where the 2×Early and 2×Late treatments took up an additional 55 and 58 kg N ha -1 , respectively, compared with the control (Table 9) , and equivalent to the 60 kg N treatment.
The poor 2-yr N uptake response to the 0.5× and 1× mulch rate treatments indicates that 2× mulch rates will be required to achieve multi-year N uptake benefits from alfalfa mulch application. Schäfer et al. (2002) also suggested 2× mulch rates were needed to achieve N-uptake benefits, although in their study 2× rates were suggested as necessary already in the year of application, whereas in the present study 0.5× and 1× mulch rates were sufficient to achieve first-year N-uptake benefits (Table 5) .
Nitrogen Use Efficiency
Two-year N use efficiency of the mulch treatments was between 11 and 19% at the Winnipeg 2002 site (Table 8) , and between 36 and 68% at the Winnipeg 2003 site (Table  9 .) These cumulative N uptake results naturally lead to the question of what happened to the remaining 32 to 89% of the N that was applied with the alfalfa mulch. Frequent rains following mulch application in 2002 may have promoted N losses through volatilization (Janzen and McGinn 1991) denitrification, and leaching (Groffman et al. 1987; Rasse et al. 1999 ). Nevertheless, a large portion of the original N likely remained in the soil in the form of stable organic compounds following the harvest of the second crop (Ladd et al. 0.5×, 1× and 2× refer to the amount of alfalfa harvested from an area 0.5, 1 and 2 times the wheat plot area. The 20, 40, 60 kg N treatments consisted of 20, 40 and 60 kg N ha -1 applied as ammonium nitrate. Early application timing was before wheat emergence. Late application timing was at the three-leaf stage. y Nitrogen use efficiency (NUE) = ((treatment N uptake -control N uptake)/N applied) × 100. x NS, non-significant. a-e Means followed by the same letter within a column are not significantly different (P > 0.05) according to Fisher's protected LSD.
1985; Janzen et al. 1990 ). Further long-term research is needed to determine the quantities of mulch-N that become available in subsequent years.
The 2-yr N use efficiency of the ammonium nitrate treatments was higher than that of the mulch treatments, ranging from 90 to 122%. An explanation for this observation is that the majority of the ammonium nitrate-N was likely already used by the wheat crop during the first cropping season (Tables 8 and 9 ), whereas a large portion of mulch-supplied N is presumed to have remained in the soil as decomposing residues with potential to supply N to subsequent crops (Janzen et al. 1990) . Higher N uptake, grain yields, and grain N yields in the oats grown on the mulched plots further support that more N is supplied to the second crop from alfalfa mulch than from ammonium nitrate ( Table 7) .
The results of this experiment agree with the numerous studies that report on the long-term N benefits of incorporated alfalfa. Bullied et al. (2002) found greater grain yield, protein content, and grain N yield in second-crop barley grown after single-year alfalfa stands (alfalfa was seeded in spring, hayed twice during the summer and incorporated in the fall) compared with second-crop barley grown after canola or fallow controls. Long-term N and non-N benefits of alfalfa to following crops have been reported by many workers (Ladd et al. 1985; Janzen et al. 1990; Hoyt 1990; Janzen and McGinn 1991) .
SUMMARY AND CONCLUSIONS
This study investigated a novel use of alfalfa in a low-input grain production system. Depending on rate of application, positive effects of alfalfa mulch to wheat included weed suppression, moisture conservation, and increased N uptake, yield and grain protein concentration. In general, mulch benefits increased as mulch rate increased from 0.5× to 2.0× the natural mulch rate. However, one exception was a negative effect on wheat yield observed at one site when a high rate of mulch (6.6 t ha -1 dry weight) was applied at the three-leaf stage.
Mulching at the three-leaf stage of wheat was more suppressive against weeds than mulching prior to emergence, possibly due to higher rates of application and a longer duration of weed suppression in the late applications. Low rates of mulch applied prior to wheat emergence provided the lowest weed suppression, and even appeared to stimulate growth in one instance. The timing of mulching may be influenced by weeds in the alfalfa to avoid introduction of weed seeds; Late mulching resulted in less dandelion establishment in this research. Time of application did not affect N uptake by wheat or following oat crops.
Two advantages of mulch over ammonium nitrate-N sources included better soil moisture conservation and higher grain protein concentration.
An estimated 11 to 68% of mulch N was taken up by two successive crops. The remaining N may be retained in plant residues or microbial biomass that may supply N to subsequent crops, or may have been lost due to volatilization, denitrification and leaching. Within a cropping system where alfalfa mulch was applied annually, the soil organic N pool and the N supplying ability of the soil is expected to increase over time.
In a strip farming system, 2× mulch rates achieved with a 2:1 planting ratio of alfalfa to annual crops on a land area basis would likely provide sufficient mulch material for moisture conservation, weed suppression, and N benefits in the year of application, and additional N benefits to crops in subsequent years. Moisture conservation, weed suppression and multi-year N benefits are unlikely from 0.5× and 1× mulch rates, and 0.5× mulch rates may actually stimulate weed growth. However, the 0.5× and 1× mulch rates may provide N benefits to crops in the year of application. This study did not consider the dynamics of nutrients other than N. Future research should be done to determine whether alfalfa mulch applied to crops like wheat can increase availability of phosphorus and other nutrients. In conclusion, using alfalfa as mulch on spring wheat was a successful way to extract value from alfalfa hay without feeding it to cattle, and may be an avenue for straight-grain organic farmers to increase alfalfa acreage in order to capture its soil building benefits.
